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Abstract 
We investigated the behavior of nickel and its silicide at grain boundaries in multi-crystalline silicon for solar cells. The micro
X-ray fluorescence spectrometer (ȝ-XRF) mapping, X-ray absorption near edge structure (XANES), UV-Raman spectroscopy 
mapping and transmission electron microscopy (TEM) were used for the evaluations. The nickel precipitation was detected only 
at random grain boundaries in the sample without annealing. On the other hand, the nickel precipitation was concentrated not 
only at random but also at some Ȉ9 grain boundaries after annealing process. In addition, it was confirmed the stress 
disappearance and the atomic rearrangement at Ȉ9 grain boundaries with the nickel precipitation. We consider that the crystalline 
structure reconstruction at grain boundary occurred due to the nickel silicide formation by the annealing process. 
© 2010 Published by Elsevier B.V. 
Keyword:nickel silicide; grain boundary; multi-crystalline silicon 
1. Introduction 
In the multi-crystalline silicon (mc-Si) for solar cells, the behavior of the metallic impurities is widely investigated 
[1-3]. They might be introduced from the feed stock or crucible or atmospheres during crystal growth, thus, much 
effort have been employed to improve a growth technique with minimum impurity incorporations [4-6]. The 
metallic impurities usually act as recombination centers for minority carriers and deteriorate the solar cell 
performance. Therefore, it is indispensable to understand and control the behavior of the metallic impurities 
efficiently, for the superior solar cell performance.  
In this study, the behavior of nickel and its silicide are evaluated at grain boundaries in mc-Si. The grain 
boundaries are possible precipitation sites for metallic impurities and major origins for the performance degradation 
of solar cells using mc-Si. The chemical and mechanical properties at the grain boundaries are investigated before 
and after the annealing process in conjunction with metallic impurity precipitation. 
2. Experiment  
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Two adjoining mc-Si substrates cut from the ingot grown by casting method were used in this study. One substrate 
was annealed at 10000C for 90 min in an N2 ambient while the other was unprocessed. Therefore, the samples were 
called the annealed and the as-grown samples, respectively. After the annealing process, the annealed sample was 
etched by HNO3 and HF solution to remove the possible surface damage. 
The crystalline orientations were determined by the scanning electron microscope (SEM) equipped with an 
electron backscattering diffractometry (EBSD). The grain boundary characteristics such as sigma number for the 
coincident boundaries were also specified. The nickel distribution and its chemical properties were evaluated by 
micro X-ray fluorescence spectrometer (ȝ-XRF) mapping and X-ray absorption near edge structure (XANES), 
respectively at SPring-8 BL 37XU. In addition, the residual stress and the grain boundary structures were evaluated 
by UV-Raman spectroscopy mapping [7, 8] and transmission electron microscopy (TEM). 
3. Results and Discussions  
The grain boundary characterizes of the as-grown and the annealed samples observed by EBSD are shown in Fig. 
1. Although there is a little difference in both samples probably due to the growth progress, corresponding 
boundaries are clearly recognized. There are several types of grain boundary such as random, Ȉ3, Ȉ9 grain 
boundaries. However, ȝ-XRF revealed the nickel atoms are gettered only at the random grain boundaries in the as-
grown sample. The nickel precipitation might occur during the crystal growth. On the other hand, the nickel atoms 
were concentrated not only at random but also at some Ȉ9 grain boundaries in the annealed sample. This difference 
might occur during the annealing process. 
There are three Ȉ9 grain boundaries indicated by the red arrows in Fig. 1. They all were determined as Ȉ9 grain 
boundaries rotated in <110> axis by EBSD. However, the nickel precipitation was observed only at two (Ȉ9-1 and 
Ȉ9-2) of them, while no nickel atoms were detected at Ȉ9-3 grain boundary. To evaluate the difference between 
these Ȉ9 grain boundaries, the residual stress around the grain boundaries and the crystal structures of the grain 
boundaries were measured by UV-Raman spectroscopy and TEM observation, respectively. 
The Raman mapping images observed around Ȉ9-1 in the as-grown and the annealed sample are shown in Fig. 2. 
The red arrows indicate the positions of the Ȉ9 grain boundaries. In the as-grown sample, the sharp dip in the Raman 
shift is clearly confirmed (Fig. 2(a)). These might indicate the stress concentration at grain boundary. However, 
there was no stress concentration observed at the grain boundary in the annealed sample (Fig. 2(b)). These 
differences should occur by the annealing process. On the other hand, Ȉ9-3 grain boundary without nickel 
Fig. 1 Grain boundary properties of (a) the as-grown and (b) the annealed sample characterized by EBSD 
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precipitation did not show any stress concentration both in the as-grown and annealed samples. Thus, we consider 
stressed Ȉ9 grain boundaries gettered nickel atoms and lost the stress during annealing process.  
The TEM images of crystalline structure at the grain boundaries are shown in Fig. 3. Fig. 3 (a) and (b) are Ȉ9-1 
grain boundaries in the as-grown and the annealed sample, respectively. The clear difference can be confirmed at the 
transition region. The transition regions of the as-grown and the annealed sample are ~23 and 3 nm, respectively. 
The Ȉ9 grain boundary in the annealed sample was narrower with simpler structure comparing to those in the as-
grown sample. These differences might be due to the atomic rearrangement during the annealing process. One may 
feel that the annealing temperature was too low for the crystalline rearrangement of silicon. However, it should be 
reasonable if there was nickel silicidation process occurring during the annealing. It is well known the nickel 
silicidation lowers silicon crystal growth [9]. In addition, energetical stability of strained silicon is more unfavable 
than that of unstrained silicon (e.g. NiSi2) [10]. To be more energetically stable, the nickel atoms might be gettered 
at grain boundaries with stress concentration and they formed nickel silicide during the annealing process. Thus, we 
observed the XANES spectra at Ni K-edge from the samples as shown in Fig. 4. The spectra of the as-grown and the 
annealed samples showed a peak at around 8.36 keV, which is similar to the spectrum of NiSi2 (see the inset of Fig. 
4), indicating the precipitation in the samples were nickel silicides. As result, the stress concentration should 
disappear.
Fig.2 Raman mapping images at Ȉ9-1 grain boundaries with nickel 
 in (a) the as-grown and (b) annealed samples
Fig.3 The structure of Ȉ9-1 grain boundaries in (a) the as-grown and (b) annealed samples 
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4. Conclusions 
The behavior of nickel impurities have been investigated at grain boundaries in mc-Si substrate for solar cells. 
After the annealing process, it was confirmed the nickel precipitation at selected Ȉ9 grain boundaries with the stress 
concentration. At theȈ9 grain boundary, the disappearance of stress concentration observed in the as-grown sample 
was caused in the nickel precipitation as silicides. In addition, the nickel silicide helped in the atomic rearrangement 
at relatively low temperature.  We believe further investigation on the behaviour of the metallic impurities in 
conjunction with crystalline defects lead to the improvement in the mc-Si solar cells. 
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